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ABSTRACT

Observationsby the airborne X-band Doppler radar (EDOP) and the NCAR S-band

polarimetric(S-POL)radarfrom two field experimentsareusedto evaluatethesurfacereference

technique(SRT) for measuringthepath integratedattenuation(PIA) andto studyattenuationin

deepconvectivestorms.The EDOP. flying at an altitude of 20 kin, usesa nadir beamand a

forward pointing beam.It is found that over land, the surfacescatteringcross-sectionis highly

variable at nadir incidence but relatively stable at forward incidence.It is concluded that

measurementby the forward beam providesa viable techniquefor measuringPIA using the

SRT.Vertical profilesof peakattenuationcoefficient arederivedin two deepconvectivestor:v:s

by'the dual-wavelengthmethod.Using the measuredDoppler velocity, the reflectivities at the

two wavelengths,the differential reflectivity and the estimatedattenuationcoefficients, it is

shownthat:supercooleddropsand(.dr,,,') ice particles probably co-existed above the melting level

in regions of updraft, that water-coated partially melted ice particles probably contributed to hieh

attenuation below the melting level, and lhut the data are not readily explained in terms of a

gamma function raindrop size distribution.



1. Introduction

Airborne andsatellite borneradarstypically operateat wavelengthsless than3 cm to

reducethe overall sizeandweight of thepayload,andto obtainadequatespatialresolution.The

most notablesatellite-borneradaris the Tropical RainMeasuringMission PrecipitationRadar

(TRMM-PR) whichoperatesat a wavelengthof 2.17crn(Kummerowet al. 1998).TheTRMM-

PR is usedto estimaterainfall, R, from the radar reflectivity, Z, by meansof en:pirical Z-R

equations.However,at theseshorterwavelengths,the microwave radiation sufferssignificant

attenuationin passingthroughprecipitatingstorms.The attenuationis significantin rain andcan

be very pronouncedin the presenceof largewet iceparticles,suchas,melting or water-coated

hail. It is importantto correctfor theattenuationin orderto estimatetherainfall moreaccurately.

The study andobservationof attenuationcanhelp usto improve the algorithms for attenuation

correction, and thereby improve the estimation of precipitation by the PR. For a given

wavelength and polarization state, the microwave attenuation depends upon the size,

concentration,shape,orientationandcompositionof thehydrometeors(Battan 1975/.However,

itz situ microphysics are difficult to obtain in high reflectivity, highly attenuating core. Therefore.

the measurement of attenuation can also help us to understand the microphysics of precipitation.

Direct measurement of attenuation is difficult. Three methods have been used for both

ground-based and airborne radars. The dual wavelength method measures reflectivity at the

attenuating wavelength (e.g., 3 cm) and at a non-attenuating wavelength (e.g., 10 cm)

simultaneously in a common volume. The difference of the two reflectivity factors _ gives the

two-way integrated attenuation between the radar and the common volume along the path of the

attenuating beam: this is usually referred to as the path-integrated attenuation (PIA). This metho_

assumes that the wavelength dependence of the back-scattering cross-sections of the scatterers is

accounted for: this can be clone if the particles are in tl-le Rayleigh scattering region (Eccles and

t The equivalent rcl]ectivity factor will hcvcaflcr bc referred to simply as reflcctivity for the sake of brevity.
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Mueller 197 I: Meneghini et al. 1992; Bolen and Chandrasekar 2000). The second method, called

the dual-radar method, utilizes two-spaced radars operating at the attenuating wavelength to map

the reflectivity field from two different aspects. The two reflectivity fields can be used to obtain

the specific attenuation. This method has been used for airborne radar (Testud and Amayenc

1989) and for ground-based radar (Srivastava and Tian 1996; Tian and Srivastava 1996)• The

dual-radar method does not require that the scatterers be in the Rayleigh range. The third method

involves the use of a reference target of known reflectivity. When a surface target is used as the

reference, the method is called the surface reference technique (,SRT) (e.g., Meneghini et al.

1983). In this method, the 'reference' radar cross-section of the surface is first determined in the

absence of attenuation. In practice this means measuring the reflectivity of the ground in a

precipitation-free area in close proximity to the precipitating ai•ea. When measurements of the

ground cross-section are made through precipitation any decrease from the reference cross-

section is attributed to two-way PIA between the radar and the surface. The SRT is used in

processing TRMM-PR data (Iguchi et al. 2000).

The success and accuracy of the SRT depends upon the stability of the radar cross-section

of the surface. A number of studies have been devoted to study the dependence of the surface

reflectivity on the angle of incidence, especially over the oceans, which give a relatively constant

microwave reflection. Limited studies of the SRT over land have been reported to date

(Meneghini et. al. 2000). In general, this is because the radar cross-section of land surface can be

highly variable particularly' at near-nadir incidence angles. A second concern is the change in the

surface cross-section between raining and non-raining conditions due to wetting and other

surface changes accompanying precipitation.

Several field experiments were conducted in support of TRMM. Of interest to us is the

Texas and Florida Under Flights Experiment-B (TEFLUN-B) held near Melbourne, Florida in

August and September 1998 and the TRMM Land-Biosphere Atmosphere (TRMM-LBA) held in



southwesternAmazon in Januaryand February t999.2 A number of universities and research

laboratories participated in the experiments and deployed a variety of instruments.

In this paper, we present selected instances of high PIA observed over land at high

incidence angle using NASA's ER-2 high altitude aircraft. The observations were obtained with

a radar mounted on the ER-2 in Brazil and Florida during TRMM field campaigns. We compare

the observations by the airborne X-band ER--2 Doppler Radar (EDOP) with nearly simultaneous

and collocated observations obtained by a S-band ground-based radar (the National Center for

Atmosl)heric Research. S-POL radar) that is not subject to significant attenuation. The

characteristics of the radars we use in this study are summarized in sections 2b and 3b. We shall

compare the attenuation derived by the SRT from EDOP with attenuation derived by the dual

wavelength method using EDOP and S-Pol described in Section 3 and 4. We shall interpret the

measured attenuation in terms of microphysical properties of the precipitation in Section 5.

2. Attenuation Observed by EDOP Using SRT

a. SRT meHlod

We briefly review the method of obtaining P1A by the SRT and present an example of a

storm that shows significant PIA. The observed return power from the surface, D, is related >

0
its normalized radar cross-section, O-t, by:

0
O" L

I"

where C is a constant depending upon the radar characteristics and the angle of incidence. In the

presence of precipitation, the apparent normalized radar cross-section of the surface. O-_, is

related to the normalized radar cross-section in the absence of precipitation, G'_e, by':

O'ie= O-vR - A

: http://www.eosdata.gsfc.nasa.gov/CAMPAIGN. DOC/TRMM-FE
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where A is the two-way path-integrated attenuation and o'°= 10logo "° where o° is in dB.

0 (01 0Because O'xR is not measurable, it is replaced by a reference wflue, ONR , an average of O-vR

along the flight track for an adjacent rain-free area. Using this reference value, the estimated PIA

is:

,_ /c_0 \ o (31
\ NR/-- O'R

Because the reference value can be different from the true surface radar cross-section, ,'_ can

( 01 <)differ fiom the true PIA. ,4. Differences between CYXk and O'xR may be due to the variability

of the surface, and changes of surface scattering due to changes in wind, vegetation, soil

moisture, etc (Ulaby 19821. We need tO know the magnitude of this variability in order to asses,,

limitations in the measurement of the PIA.

b. Apt_licati_m of SRT to EDOP data

The Doppler radar (EDOP) mounted on the NASA's ER-2 aircraft operate.,; at 3-cm

wavelength. It has two fixed antennas, one pointing at nadir and the second pointing _ __.,_ ahead

of nadir. The antennas are identical with a beam width of 3" (circular) defining a footprint at

surface of about 1 kin at nadir assuming ER-2 flies 20 km above the surface. The ER-2 ground

speed is about 210 ms _ and the integration time for the data processing is 0.5 sec. These two

values imply that the surface cross-section is over sampled with one sample being measured

every 100 m along the flight track, and 10 samples are obtained over one beam width. The range

resolution of the radar is 37.5 m. Additional details about the radar and the data processing may

be found in Heymsfield et al. (19961.

Figure la shows a histogram of the surface reflectivity observed by EDOP fiona the nadir

and forward antennas for a cloud and precipitation five region over the ocean off the Gulf coast

of Florida. The data are typical in that surface reflectivity of the ocean surface at nadir incidence

has small fluctuations of +ldB while the echo at 33.8 (>incidence is lnore variable having a

standard deviation of about 2 dB. The situation is very different over land (Fig. lb). At nadir



incidence the reflectivity is highly variable having a standarddeviation of about 4 dB. At

forward incidence,however,thesurfaceechoover landshowsvariability similar to thatover the

oceanwith a standarddeviationof about2 dB. Theimportanceof distributionssuchasthosein

Fig. 1to theSRT is thatthe variability of thesurfacereturnlimits theminimumPIA that canbe

measuredandalsogivesanestimateof error in measuredPIA clueto surfacevariability. We see

that over land,the SRTis subjectto largererrorsat nadir incidence,while at forward incidence

PIA canbemeasuredwith thesameaccuracyasovertheoceans.Thesurfaceechocharacteristics

at nadir and forward incidenceare similar to Fig. lb for a variety of regions, including the

southeasterncoastof the U.S., the westernU.S., andtheAmazonrain forestin Brazil. We may.'

concludethat thevariability of surfacereturnover landat, 3.8 incidenceaneleis about +_2dB.

Therefore.PIA greaterthan about 2 dB can be measuredover land at high incidenceangle.

(Othersourcesof errorarelikely to besmallerthan2 dB.)

it is emphasizedthat it is not necessaryto measurethe absolutevalue of the surface

returnsincethe SRTis a differential tecl-mique.It is important,however,that the magnitudeof

the surfacereturndoesnot changeasa consequenceof wetting of the surfaceby the rain. since

the SRTwill attributeanysuchchangeto PIA. In thecasesstudiedsofar with theEDOPradar.

no significant changein the surfacecross-sectionhasbeenobservedat the transitionbetween

rainy andclearconditionsfor non-nadirincidence

An exampleof the observationby EDOP is shownin Fig. 2 from an East-Westflight

over land nearJi Parana,Brazil on 12February 1999.Figures2aand2b show thereflectivities

measuredby the nadir and forward antennas:Figure2c showsthe surfacecross-section,o.

measuredby the nadir (dotted)andforward-pointing(solid) antennas.The flight track coversa

convective celt embeddedin stratiform rain. The reflectivity measuredby the EDOP nadir

antennashowsthat, in the cell, the 10 dBZ contourLeachesa height of 13km and the peak

reflectivity is 56 dBZ at a height o14 km at a distance of about 30 kin.
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A noteaboutthe terminology andcoordinatesystemmaybe helpful here.In Fig. 2 and

subsequently,thereflectivitiesmeasuredby theEDOPforward andnadir-pointingbeamswill be

denotedas Z v and Z<,, respectively. Z, will represent the reflectivity measured by the S-POL

radar. All altitudes are above ground level (AGL) unless stated otherwise. The x-coordinate in

the vertical sections is the distance along the flight path from some arbitrary origin: this is the

same as the distance along the surface. It is to be noted that the forward reflectivitv is measured

when the radar is ahead of the x-coordinate shown in the figure: for the surface observation, it is

ahead by 20kin×tan (33.8:), or 13.4 kin. The PIA inferred from the forward beam is along a

slant path that terminates at the surface at the x-coordinate shown.

Returning to Fig. 2a, the nadir pointing antenna shows a low surface reflectivitv region

situated below a region of high reflectivity at a distance of about 40 kin. The nadir surface clo'_a-

section, O"° (Fig. 2c - dotted line) shows that this low reflectivity is probably, clue to attenuation:

however, it is difficult to interpret the decrease in the cross-section in terms of PIA with

confidence because of the large fluctuations in the background surface cross-section at nadir

incidence. The storm reflectivity measured by the forward-pointing antenna (Fig. 2by is sirnita:-

to the nadir reflectivity except that a lower reflectivity exists at about 45 km distance. The

relative displacement of the minimum of the surface cross-sections for the forward and nadir

beams is related to the beam orientations; the forward beam suffers greater attenuation along a

slant path that intersects the ground ahead of the nadir beam. The integrated attenuation in the

naoi;forward beam is greater probably because the slant paths are longer. In contrast to the ' "-

beam, the background O"° (regions of little or no precipitation) measured by the forward beam

(Fig. 2c - solid line) is stable. The forward minimum O-° of -23 dB at 45 kin, cornpared with the

background O"° of-8 dB. yields a two-way PIA of 15 dB. It is encouraging to note that

notwithstanding the large fluctuations in the nadir O"°, the structure of the clip in the nadir O 'j i>



very similar to that of the forward O"°. The double dip in the nadir O"° seems to be correlated

with the storm structure at high levels.

During the two TRMM field campaigns, the ER-2 flew over numerous deep convective

storms. The cloud tops, defined by the 10 dBZ contour, reached up to about 14 kin; many of

these storms also showed large PIA. Table 1 lists eight such cases of storms over land. Most

cases have rather intense convection as indicated by the fact that the 40 dBZ contour reached 15

km and the PIA exceeded about 20 dB; such PIA is large for the two-way path of about 20 kin.

In the following, we present two cases from the table. One of the cases is from Florida and the

other is from Brazil. These cases were selected because the S-POL radar also observed these

storms nearly simultaneously. SPOL and EDOP can be used together to provide an independent

estimate of attenuation using a dual-wavelength method.

3. Dual-Wavelength Method and SPOL Data Processing

a. Dual-warelength method and method of Using k - Z s relation

The dual wavelength method takes the difference of the reflectivities observed bv the S-

POL (Z, dB) and the EDOP (Z, dB) radars. In general, we can write:

z --z-- 2I,',k(,-'>'+a. ,4,

where c5 is the difference in reflectivity due to the departure flom Rayleigh scattering. For

particles much smaller than the wavelength,_5=0. Figure 3 shows _5 for a mono-disperse

distribution of spherical water drops of different diameters. We see that _ can be taken as zero if

the drop diameter is less than about 2.5 turn. A minimum _ of about -3.5 dB occurs for drops of

diameter about 6-8 mm.

Since 10 cm wavelength radiation is subject to little or no attenuation, an expected PIA at 3.2

cm max.' be calculated flom the power-law empirical k - 7,. equation:

k = aZi',a = 2.9 × 104,/) = 0.72 (5



by evaluating the integral of 2aZ I' along the path of the EDOP beam. In equation (4), k is in dB

km -_ and Z s is in mm6m -3. The values of a and b are taken from Battan (1975). Equation (4) is

applicable for the modified Marshall-Palmer distribution, a wavelength of 3.2 cm and spherical

raindrops having a temperature of 0°C. It may be noted that the PIAs or attenuations estimated

from the above two rnethods, involving additional data fiom the S-POL radar, are independent of

the PIA deduced from the SRT.

b. SPOL data processi_tg

The NCAR SPOL radar is transportable ground-based dual-polarization radar operated at

10 cm wavelength. The beamwidth of the S-POL antenna is 0.91" (circular) and its range

resolution is 150 ill. Besides Doppler parameters, S-Pol measures reflectivity and polarization

quantities, such as, the differential reflectivity (ZDR) and the linear depolarization ratio (LDR).

Further details for S-Pol may be found at the website)

S-POL radar observations were processed as follows. Data from the volume scan nearest

in time and space to the ER-2 overflight was interpolated onto a grid coincident with the vertical

plane mapped out by the ER-2 radar. The EDOP has generally higher resolution than S-POL. For

example, at 50 kln distance from the S-POL, the approximate distance of S-P()L from the storm

cases to be discussed, the resolution of the S-POL beam is about 0.87 km in the cross-beam

direction and 0.15 km in the along-beam direction; for the EDOP radar, the cross-beam

resolution is about 0.76 km at 5 km height and the along-beam resolution is a constant 0.0375

kin. Spatial averaging of the data was perfor,ned in order to make their resolutions

approximately comparable. Such averaging should reduce errors in estimating PIA or attenuation

by the dual wavelength method. Still, we can expect errors, especially in regions of high

" http://www.atd.ucar.edu.
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gradients.Differencesdueto temporaldisplacementsin datacan alsocauseerrors;no attempt

wasmadefor timeinterpolations.

In the next section,we presentdata for the two storms and attempt to validate the

attenuationinterredfrom the SRT. The attenuationis interpretedusing a) dual-wavelengthin

termsof themicrophysicalstructureof thestormsandb) SPOLmulti parameterdata.

4. CaseStudiesof Large PIA

a. A Storm oil 15 August. 1996' in Florida

On 15 August 1998, the ER-2 flew over a 60 km long N-S line of vigorous convective

cells during 2223-2230 UTC. The merging of the East and West Coast sea breezes triggered the

cells. Nearly simultaneous and co-located observations by the S-POL were used to construct Fig.

4, which shows (a) reflectivity, Z+ (b) ZDR, and (c) LDR during 2224-2237 UTC at 8 km height.

At this height, the maximum reflectivity is about 58 dBZ (indicated by +) about I km west of the

ER-2 flight line whose projection is shown by the solid line. Coincident with the high reflectivitv

core, the ZDR is near zero (Fig. 4b) and the LDR is greater than -18 dB (Fig. 4c): this generally,

indicates the presence of wet hail (Doviak and Zrnic 1993).

Figure 5 shoves vertical sections of the reflectivity, Z s, constructed fronl S-POL radar

data along the flight track {Fig. 5a), the reflectivity, Z_j., measured by the forward-pointing beam

of the EDOP radar (Fig. 5b), the PIA deduced by the SRT (Fig. 5c+ solid linel, and the P1As

deduced by the two methods outlined above (Fig. 5c, dotted and dashed lines). We see that the 0-

10 dBZ Z contour reaches a height of about 15 km and the 40-50 dBZ contour reaches a height

of about 14 kin: these indicate an intense storm. The maximum reflectivities seen by S-POL and

EDOP are 55 and 53 dBZ respectively ("+"in Figs.5a and 5b). Such high reflectivities suggest

that hail may have been present in the storm. As pointed out above, wet hail was probably

present west of the flight path.

10



The maximumPIA measuredby the SRT alongtheforward beamis 25 dB at a distance

of about72 km (Fig. 5c). The PIA obtainedby integratingthe empirical k-Z s equation (4)

along the forward-pointing beam from storm top to 1 km height AGL is shown by the dotted

line: its peak value is about 30 dB. [Reliable Z. were not available below 1 km height because of

radar scan limitations and ground clutter.] The peak PIA from Z._ is about 5 dB greater" than that

from the SRT. This discrepancy is greater than the estimated uncertainty (about 2 dB) in the

SRT. Moreover, the contribution of attenuation below 1 km height will make the discrepancy

even worse. Therefore, we can probably attribute the difference between the PIAs deduced bv

the SRT and flom the Z to inadequacies in the empirical k-Z_ equation, and presence of

hydrometeors with characteristics other than those on which the empirical k--Zr equation is

based.

The PIA deduced from the difference, Z s-Z_/., along the forward beam from flight

altitude down to a height of 1 km (dashed line) generally parallels the other two PIA curves; its

peak value, about 28 dB. is in good agreement with the peak PIA deduced from the SRT: this is

remarkable considering the data processing which involved interpolation, averaging, temporal

and spatial displacements, and resolution dift\_rences between the S-POL and EDOP radar data

sets.

It is also possible to estimate range-resolved PIA by taking the differences of Z and Z v-

at different heights. This procedure would yield the attenuation along slant paths. From a

microphysical standpoint, vertically resolved PIAs are of greater interest, especially in deep

convective clouds. Therefore, we shall concentrate on range-resolved attenuation inferred from

Z. and Z,.,, the reflectivitv observed bv the nadir beam of the EDOP.

Before presenting the range-resolved attenuation, we compared the reflectivities

measured by, the S-POL and EDOP radars because the accuracy of the dual-wavelength method

of PIA estimation depends upon the accuracy of the radar calibration besides the assumption of
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Rayleigh scattering. Figure 6 is a scatter plot of Z. vs Z v,, for the storm in Fig. 5. Except for a

relatively small fraction of the points, Z, and Z_,, scatter around the one-to-one line. The

standard errors of Z and Z_-,, are about 1-2 dB, implying a standard error in Z s - Z_-,, of about

1.5 - 3 dB. This is confirmed by the scatter plots. Therefore, we should be able to measure PIAs

greater than 2-3 dB by the dual wavelength method with a 2-3 dB accuracy. It should be noted

that the accuracy of the range-resolved attenuation doe:_ not depend upon the absolute accuracy

in the measurement of the reflectivities.

Figure 7a is a plot of the S-POL reflectivities, Z s, along the paths of the nadir beam at tile

heights of 1, 2, 3, 4, 5, and 6 kin. Figure 7b shows dual wavelength Pl:\s for tile nadir beam fiom

storm top to those heights. Figure 7c shows the PIA from integration of the empirical k-Z_

equation along the nadir paths. The PIA curves in Figs. 7b and 7c have similar shapes but differ

in magnitude. The two sets of curves can be made to agree better by 'tuning' constants a and b in

the (4) which depend on the drop size distribution. The main peaks of the PIA in Fig. 7b occur at

a distance of about 69 km in the region of highest reflectivity. A second peak occurs at about 75

kin in the region of sharp gradient of reflectivity. The PIA in the latter region may not be reliable

because of the reasons mentioned earlier. It is encouraging to note that the curves for the higher

heights are generally below the curves for the lower heights; the opposite would be physically

implausible except in the presence of significant concentrations of non-Rayleigh scatterers.

Therefore, we may conclude with some confidence that non-Rayleigh scatterers, such as large

hail, were not present in significant concentrations.

b. A Storm (m 10 Februa_3, 1999 in Brazil

The EDOP flew over a line of convective storms in Brazil during 1811-1816 UTC, 10

February 1999. The southern most cell were located about 50 km north of the S-POL radar.

Figure 8 shows S-POL reflectivity at 3 km height; it was constructed from the 1810-1815 UTC

S-POL volume scan.
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Figure9a,similar to Fig. 5a, indicatesthat 0-10 dBZ andthe40-50dBZ contoursreach

heightsof about 15km and 8 kin, respectively.Themaximumreflectivity ("+" in Fig. 9a) is 52

dBZ, lower thantheFloridastormdiscussedpreviously.Themaximumreflectivity from forward

beam(Fig. 9b) is only 50dBZ. We alsonote that the shapeof the low reflectivity region (Fig.

9b, 30-32kin) is alignedin the directionof the forward beam,asignatureof attenuation(Atlas

andBanks, 1951).The two-way PIA in the direction of the forward-beamderivedby the SRT

(Fig. 9c,solid line) showsa maximumPIA of 29dB ata distanceof about32kin. The PIA along

the forward path fiom storm top to 1 km height flom the empirical k-Z s equation (Fig. 9c.

clashed line) is similar in shape to the SRT curve, but is substantially lower; a peak value of

about 12 dB at 32 km distance versus 29 dB for SRT. The PIA to 1 km height along the forward

beam deduced by the dual wavelength method (Fig. 9c, dotted line) also parallels the SRT but its

peak value of about 19 dB is much smaller than the PIA fiom the SRT. This peak would have

been closer to the maximum SRT value of 29 dB if the attenuation below 1 km height could have

been included, but would still fall short of the maximumn SRT value. Other discrepancie,_

between the dual wavelength PIA and the SRT PIA occur mainly in regions of high gradients

and at stormn edges for reasons already noted.

Figure 10 is a scatter plot of Z against Zv, ,, similar to Fig. 6. The X-band and S-band

reflectivities have more scatter about the one-to-one lines than that the Florida storm (Fig. 6).

One probable reason is that for the previous Florida case, an RHI scan was availablc in close

proximity to the EDOP flight plane and time. The Z shown was essentially obtained by

interpolating the Z values from the RHI grid to the grid of the EDOP observations. In the case

of the Brazil storm, however, a complete volume scan with PPIs at different elevation angles had

to be used to construct the vertical plane. As stated before, the volume scan took about 5 inin. In

the EDOP observations, there is a systematic progression of time with horizontal distance during

13



dataacquisition leadingto a systematicdifferencebetweenthe times at which the S-POL and

EDOPobservationsareacquired.No attemptwasmadeto correctfor differencesin time.

Figure 11for the Brazil storm is similar to Fig. 7 for the Florida storm. We again note

that the PIA curves derived from the empirical k - Z s equation (Fig. 1 lc) are similar to the dual-

wavelength PIA curves {Fig. 1 lb) but they are considerably smaller in magnitude. As mentioned

previously, better agreement could be obtained by "tuning' the coefficient and exponent in the

empirical k- Z,.

The peak two-way PIAs and range-resolved attenuation along a vertical path (vertical

solid line in Fig. 7b and Fig. I lb) for Florida and Brazil storm are summarized ill Table 2 and 3

for later discussion. Tile Z and ZDR in the tables were obtained from Fig. 16 and 18 to be

discussed later in section 5b. In Table 3, there is a negative attenuation in the height interval, 1.5-

2.0 km which is larger than the 1.5 dB uncertainty estimated in the dual-wavelength reflectivitv

ratio. In deriving the range-resolved attenuation, we take the difference of the reflectivity ratio at

the two heights. Also. as noted earlier, the observations for Brazil stolm are probably subject to

greater processing errors than the Fh)rida storm. Thus the negative attenuation may be apparent,

being the results of various sources of error. Another possibility is that non-Rayleigh scatterers

were present in significant concentration in this height interval.

5. Inferred Microphysics from Theory and Observations

In both the Florida and Brazil storms, the attenuation between the storm top and 5 km

height, estimated by the dual-wavelength method, was 1 dB or less (Table 2 and 3). The depth of

the storm with the storm top ranged from 10-15 km agl, ensures that ice particles were present in

the storm. The small attenuation above 5 km means that this region was dominated by ice

particles and that wet ice pafticles which attenuate strongly were not present in significant

concentrations. As mentioned before. LDR [iom SPOL showed evidence of wet hail at an

altitude of 8 km in the Florida storm, but this was to the West of the flight path of EDOP. In that

14



region, the polarimetricdata (not shown)also showedevidenceof wet ice particlesbelow the

melting level. Furthermore large hail, greater than say 1 cm diameter, was also probably not

present in significant concentrations because it would have been manifested by its Mie scattering

effects at the shorter wavelength. Interpretation of the attenuation coefficients inferred for the

lower levels is more problematical because raindrops and mixed phase particles were likely to

have been present below the melting level.

In this section, we attempt to interpret the peak attenuation estimated above in terms of

the hydrolneteors responsible for the attenuation. For this purpose, we shall primarily use the

attenuations obtained by the dual-wavelength method, since this method yields range-resolved

attenuation coefficients. Because of the great complexity and diversity of the possible

distributions of hydrometeors in deep convective storms, conclusions from our limited data set

must be considered to be qualitative and preliminary, and in part even speculative since there is

no direct validation.

In order to better understand the process below the freezing level, we also use ZDR

observed by the S-POL radar and the Doppler velocity. I{,. observed by the nadir beam of the

EDOP radar. Further. we shall make use of theoretical relationships between reflectivitv,

attenuation coefficient and Zdr for Gamma function distribution of raindrop sizes. These

relationships provide a 'base reference' case for interpreting the data. We begin with the

theoretical relationships.

a. Theoretical Relationship

1) Attenuation, Reflectivity and Median Volume Diameter.

We assume a gamma rain drop size distribution (Ulbrich. 1983): -

N(D) = NoD v exp(-AD) (6)

where N(D)AI)is the concentration of drops of diameter D to D+AD and N 0, M and A are

parameters of the distribution. The exponential distribution is a special case of the (6) (,u = 0).
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To facilitate analyticalmanipulations,we assumethatthe diameterrangesfrom zeroto infinity

in (6): qualitativelysimilar resultsareobtainedwhena non-zerominimumdiameteranda finite

maximumdiameterareconsidered•The medianvolumediameter,D o , of the above distribution

is given approximately by:

3.67+/2
D O - (7 j.

A

The reflectivity factor is given by:

FN0] V(7 +/2)

z=C:L>-J ,s,

The extinction cross-section of a spherical raindrop can be approximated by a power-law

Q, = aD" (91

equation (Atlas and Ulbrich, 1974):

where the coefficient a and the exponent n depend upon the wavelength and temperature. Usin,q

the above equation, the attenuation coefficient is given by

• .--..--.F.1FNo1 F(,, + ,u + l)k
='*Lx' JL/v'_l a ,,0,

c.z F(7+V) 1 ..oh_-''

c'k I-'(n +/.t 4-1)a (3.67 +/2) _-'' (lll

From(71. (8) and (10) we can deduce:

Z

k

In the above equations, c_ and ck are numerical constants and the equations have been written

such that terms in brackets have rational dimensions (no fiactional exponents of the length are

involved). The values of the coefficients and the dimensions of the various terms are:

[-,,,,,61..

[ l=L j,l l- J,,k,,-'

:[c'"l' 7 (_2,

IDol-- =[,,,,]
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Io,l=[c,n:],IDl=!c,,,l

Q = 1012.Ck = 4.343><. 105

The coefficient a and the exponent n in (9) are taken from Atlas and Ulbrich (1974.

= 40 `>Table 1).For3cmwavelen_th, a = 4.18 to13.24 and n 4.33 to 5.16 for 0 to C

From (I 1), we see that for given D o and _l. Z and k are proportional to each other with a

proportionality factor that depends upon the temperature throueh a and tz l__,;i1,o (7), (8), and

(10), we have prepared Fig. 12. which is a plot of k vs Z for four temperatures (0. 10, 18 and

O

40 C), three median volume diameter, D0=l, 2 and 3 mm, and three values of p, namely, -2, 0

and 4. Observed DSDs usually have Ct in the range -2 to 3 and N o and y are correlated. In

preparing Fig. 12, it was not necessary to assume a value of N 0 because for a given p and D 0, Z

determines ?i o (see (7) and (8)) and k can then be calculated for any ,qven temperature usine

(10). We see from (11), other factors being equal, increasing temperature generally gives greater

k because a and n in (9/increase with temperature; however, this trend is reversed when small

drops predominate, that is, for small D(). We see that, for ;.1given Z, the Inedia1_ volume

diameter, D 0, has a pronounced effect on/<, a decrease of D 0 results in a significant increase in

k. The inferred attenuation coefficients, listed in Tables 2 and 3, are also plotted on Fig. 12 and

will be discussed later. In this and subsequent figures, no attempt hats been rnade to depict error

bars for the probable uncertainties in the inferred k; the lengths of the bars represent the range of

reflectivities in the height interval, the ranges having been obtained from Figs. 16 and 18 to be

discussed later.

2) Median Volume Diameter and Differential Reflectivity

The differential reflectivitv (ZDR) is the ratio of the reflectivities at horizontal and

vertical polarizations. Raindrop shapes are well approxinaated by ellipsoids of revolution with

their axis ratios beine a function of the drop volume. Usino equations eivcn in Seliea and Brinei
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(1976),andtheraindropaxis ratiogivenby Andsageret al. (1999,Eq. 1),wehavecalculatedand

plotted ZDR in Fig. 13 as a function of D o for the gamma DSD for four values of y. A

maximum drop diameter of 6 mm was assumed in the calculations. The range of median volume

diameters plotted is limited by the range of slopes, A, considered to be acceptable, namely, 16 to

40 cm -t. We may note that, unlike Z and k, both ZDR and D o are independent of N o , the

absolute magnitude of the DSD, and depend only on its shape. On this figure, we have also

indicated the ranges of the observed ZDRs/or the different height intervals for the two storms.

The ZDRs were taken from Figs 16 and 18 presented later. Along the horizontal axis, tile

observed ZDRs have been positioned to intersect the curves for one or more values of ,u. These

observational points will also be discussed later.

3) Reflectivity factor, Attenuation coefficient and Differential Reflectivity

Both variables Z and k, in Fig. 12 are proportional to N,) [Eq. 8 and 9], while ZDR in

Fig. 13 is independent of the magnitude of the DSD. Figure 12 can be used to estimate D o and

u of gamma DSDs that are consistent with the observed Z and k. Figure 13 can be used to infer

values of I) o and tl of gamma DSDs that are consistent with the observed ZDRs. In tile latter

case, the ma._jnitude of the distribution can then be inferred from the observed Z. However, Fig.

1"

,_ makes use orlly of the ZDR from the S-POL radar while Fig. 12 makes use of Z and k: the

results from the two need not agree. To use all the three measurables, namely, Z. k and ZDR

conveniently and consistently, we have constructed Fig. 14 which is a plot of Z/k vs ZDR for

_ = -2.0.4 and for temperature = 0, 10, 18, 40"C. Both Z/l; and ZDR are independent of ,!V0

However, together they make use of tile three measurables, namely Z and ZDR observed by the

S-POL radar at the 10 cm wavelength, and k inferred from tile S-POL and EDOP reflectivities. It

may be noted that Fig. 14 is not independent of Figs. 12 and 13 but a convenient combination of

the two figures that will facilitate our discussions. On Fig. 14. wc have also plotted the
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observationsfor theFloridaandBrazil storms:theZ/k andZDR valuesaregivenin Tables2 and

3.

b. Vertical Doppler veloc'itv and ZDR Structure of the Storms

Vertical sections of the reflectivities of tile two storms have been presented in Figs. 7, 9.

11 and 13. We now present additional observations of the storms to facilitate the later discussion

of the referred attenuation coefficients in the context of the vertical structure of the storms.

Figure 15 shows gray shade contour plots of (a) ZDR and (b) t'i,, the Doppler velocity

measured by the nadir-pointing beam of the EDOP radar, for the Florida storm. Contours of Z,

have been superposed, and the dashed line shows the ]ocus of minimum I,i:. In Fig. 16, we show

three vertical profiles of Z,.. Z.,.,,, V,,, and ZDR. The central plot is through the region of peak

attenuation and the other two plots are 1 km on either side of it.

Figure t5b shows that this storm has a sloping updraft (negative V,, is directed upwards).

-1

A maximum upward V,, greater than 10 ms occurs at a height of about I 1 km at 66 km distance.

-I

This implies vertical air velocity greater than 10 ms in that region since I.',, is the resultant of

the vertical air velocity and the rellectivity-weighted fall velocity of the scatterers. In the vertical

profiles ;re note a regular progression of the region aloft of _, < 0 in going from the left panel to

the right panel which is a reflection of the sloping updraft. We note that below the melting level

the Z_ is practically constant (central panel, Fig. 16) except in the lowest levels. We also note

that below the melting level, the ZDR contours slope in the same sense as the updraft. The ZDR

increases downwards from about 1.7 dB at the melting level to about 3 dB at the 1 km level (see

central panel. Fig. 16: we are concentrating on the central panel because it is the region through

which attenuation was derived earlier); an exception occurs in the 1-2 km height interval in

which the ZDR shows a small decrease downv,'ards.
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Figures 17and 18for theBrazil storm arerespectivelysimilar to Figs. 15and 16for the

Florida storm.This stormhasa structuresimilar to thatof theFlorida stormbut it is weakeras

indicatedby the reflectivities. The V,, contours again show a well-developed sloping updraft.

-I

Upward Doppler velocity greater than 10 ms occurs at about 10 km height and a distance of' 33

-1

km, implying an updraft greater than 10 ms in that region. We see again that below the melting

level, the ZDR contours slope in the same sense as the 1_i, contours aloft and Z, is again

practically constant. The ZDRs below the melting level are smaller in this storm compared to the

Florida storm implying that the drops in this sto,m were much smaller than the drops in the

corresponding region of the Florida storm ill keeping with the weaker character of 1he Brazil

storin. In contrast to the Florida storm, the vertical profile of ZDR (central panel) shows that the

ZDR was practically constant with height below the melting level (excluding the lowest level

where the data are questionable).

c. Inferences j)om the obsen'ed Z, ZDR (rod k

1) Florida Storm:

From Fig. 12, we see that the observed k and Z for the 5-6 km (F5-6) height interval can

only be explained in terms of a gamma rain DSD with ,u = -2 and a high D 0 of about 3 mm

(Fig. 12a). On the other hand, the observed ZDR in Fig. 13 is consistent not only with a rain DSD

with /,1 = -2 and D o of about 3 ram, but also with DSDs with u = 0 and D 0 in the range 1.2 to

1.6 mm. y = 2 and D o in the range 1.4 to 1.9 mm, and /,, = 4 and D o in the range of about 1.9

to 2.1 ram. None of the latter DSD parameters are consistent with D o > 3 mm suggested by Fig.

12. This is evident in Fig. 14 where here the observed Z/k and ZDR for F5-6 are not consistent

with any gamma DSD considered. The main reason for this inability to explain the observations

in terms of a gamma rain DSD is that the inferred k is too small for the observed Z. giving a

large value of Z/k. In view of the fact that this height interval is mostly above the rnelting level

(4.8 kin), we conclude that this region was dominated by dry ice particles causing little
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attenuation.However, theobservedZDRsabovethe melting level (0.3 to t.7 dB in the 5-7km

height interval) imply that super-cooled drops must have been present in that region.

Microphysically, this is supportedby the presenceof a strongupdraftm this region. Thus. we

may conclude that super-cooleddropsand ice co-existedm this region with the liquid drops

providingthesmallattenuationthatwasobserved.

The next lower height interval, F4-5 has its top nearthemelting level; thereforeliquid

dropsandpartially meltedice particlesnmybeexpectedin this region,We seeflom Fig. 12that

theobservedZ andk areconsistentwith a gammaDSDwith /,z= -2 and D 0 slightly, greater than

1 mm (Fig. 12a), // = 0 and D o slightly less than 2 mm (Fig. 12by, and a DSD with ,u = 4 and a

Do somewhat greater than 2 mm (Fig. 12c). From Fig. 13, we see that the observed ZDR is

consistent with DSDs with ¢z=-2 and D O -1 ram: u =0and D0--1.6to2.0mm /, = 2 and

D0-2 to 2.4 ram: and /a = 4 and D 0 - 2.2 to 2.6 ram. However, Fig. I4 shows thal the observed

Z/k and ZDR are not consistent with any' of the gamma DSDs considered. This is because the k

is too high for a gamma distribution with the observed Z, giving a point that lies below the

curves in Fig. 14. We conclude that this layer contained a mixture of water drops aqd water.

coated ice particles formed by' the partial melting of ice particles falling across the 0"C level.

Siinilar to F4-5, the observed points for t:3-4 and FI-2 lie below all the curves in Fig. 14.

The attenuation is too large again to be due to a gamma DSD. Therefore, we conclude that these

regions also contained partially melted ice particles that contributed to the high attenuation. It is

important to note that if only some of the observations such as Z and ZDR had been considered.

the observations would be falsely interpreted in terms of a gamma DSD. The additional

info_rmation provided by the X-band observations, through the inferred attenuation, strongly.'

suggests that mixed phase particles, rather than just water drops, were present in this region.

Our h3 pothesis of melting particles is also supported by the systematic increase in ZDR

with decreasing altitude as seen in the vertical sect!on and profile of ZDR (Figs. 15 and 16) as
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well asFig. 14.The observedincreasein ZDR impliesa substantialincreasein the meandrop

sizewith decreasingaltitude.If only raindropshadbeenpresent,theobservedincreasein mean

dropsizecouldnot beexplainedbecausetheevolutionof rain DSD bycoalescence,which tends

to increasethedrop size. is very small andis counteractedby dropbreakup.We believethatthe

observedincreasein ZDR could bedue to the formationof largerdropsthroughthemelting of

larger ice particleswith distancedown. However, this hypothesisneedsto be testedthrough

microphysicalcalculationsof themeltingof iceparticles:this taskis left for thefuture.

We assumedthat partially water-coated ice particles provided the observed high

attenuation.This is supportedby earlierwork (BattanandHerman1962).We havecalculatedthe

extinctioncross-sectionof meltingsphericaliceparticlesin which themelt is assumedto form a

concentricx,,ater coat. This is obviously a simplification, because the coat may be eccentric, the

ice core max be not spherical, and the melted water may soak inside the particle, especially in the

case of a particle of low bulk density. However, the simplified calculations should provide a

qualitative guide. Fig. 19 shows the normalized extinction cross-section as a function of the

flaction of mass melted for several values of the melted diameter and three values of bulk ice

density. The extinction cross-section is normalized by the geometric cross-section of the melted

particle. We see that the extinction cross-section of the partially melted particle can easily exceed

that of the melted particle for certain sizes and melt fractions by a factor of several. The effect

could be larger for deformed particles (Atlas et al. 1953).

2) Brazil Storm

The results for this storm are very similar to those for the Florida storm. From Fig. 12, we

see that for the 4-5 km height interval (B4-5) which straddles the melting level at 4.2 km AGL,

the observed Z and k are explainable by a gamma rain DSD with ,u =-2 and a large D 0 of about

3 mm (Fig. 12a). This high D O is inconsistent with the observed ZDR: according to Fig. 13, the

ZDR could be due to gamma DSDs with /l = -2 and L)e = 1 ram, // = 0 and /)0 = 1.5 trim, /1 =
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2 and D O = 1.8 mm, and ,u = 4 and D 0 = 2 ram. This inconsistency between Figs. 12 and 13 is

also evident in Fig. 14, which shows that the Z/k lies above all the points considered. We again

attribute this to a small attenuation because of the predominance of dry ice particles above the

melting level. However. the observed ZDR (-1.5 dB) again suggests that some super-cooled

drops were present; these drops account for the small attenuation that was inferred. Again, the

presence of a strong updraft in this region supports the hypothesis of liquid drops above the

freezing level. We note the interesting and perhaps significant fact that for both storms, the

points representing the layers immediately above the respective melting levels occupy vet);

similar positions oi1 the diagram of Fig. 14.

The observations for the lower layers, B3-4 and B2-3, are very similar to the observations

in the Florida storm below the melting level. Similar to the discussion to the Fl{_rida storm, for

Figs. 12 and 13, two of the three parameters, Z, k and ZDR can be used to select the parameters

of a gamma DSD that fits the observations, ttowever, Fig. 14 again show's that the Z/k points lie

below all the gamma DSDs considered. This implies a k too high for the observed Z to be

explained by a gamma DSD. As in the case of the Florida storm, we conclude that liquid drops

and partially melted, water-coated, ice particles were responsible t\_r the high attenuation.

The ZDR was nearly constant below the melting level in contrast to the Florida storm.

which showed a systematic and considerable increase with decreasing altitude. The ZDRs for the

Brazil storm are also considerably smaller than for the Florida storm. This implies that the Brazil

storm had smaller particles. This is consistent with the lower intensity of the Brazil storm.

6. Summary and Concluding Remarks

Observations by the EDOP (NASA's E_E_R-2Dot2pler) radar, which operates at 3.2 cm

wavelength and makes observations in a nadir and a 33" forward-pointing beam, show that over

land the surface cross-section is highly: variable at nadir incidence but is stable to within 1-2 dB

at the forward incidence. There was no evidence of changes in the surI'ace cross-sectioll before
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entering and after exiting regionsof heavyprecipitation. Thus, measurementby the forward

beamprovides a viable method for measuringPIA (path integratedattenuation)by the SRT

(surfacereferencetechnique)over land.Observationsover landin anumberof deepconvective

stormsin Florida andBrazil yieldedPIAs exceeding20 dB betweenstormtop andsurface.We

selectedtwo storms,one in Brazil andonein Florida, for detailedstudyusingthe EDOPandS-

POL (NCAR S-bandPolarization)radardata.

The PIA betweenstorm top and "surface'was also estimatedby the dual-wavelength

method using the S-POL (S-band) and EDOP (X-band) reflectivities. In addition, the dual

wavelengthmethodwasusedto estimaterange-resolvedspecific attenuationusingthe S-bated

radar dataand the EDOP radar data from the nadir beam.Very good agreementwas found

betweenthe forward beamPIA from the SRT andthe dualwavelengthmethodfor the Florida

storm: the agreementwas not as good for the Brazil storm.The PIA was ai:,ocalculatedby

integratinganempiricalequationrelatingattenuationcoefficientandreflectivity ISband}for rain

DSDs (,dropsizedistributions). It was foundthat the PIA sodeducedandthe PIA foundby the

SRT hadvery similar shapesthoughtheydifferedin magnitude:thetwo PIAs couldprobablybe

madeto agreequite well by' "tuning' thecoefficient andexponentin theempirical attenuation-

reflectivity equation.However, this tuning procedurehasno physical basisa,sshownby the

inferencesfrom thedual-wavelengthdataandtheobserveddifferentialreflectivities.

Both stormsshowedsmall attenuationabovethemelting level andsignificantZDRs in

layers a few kilornetersthick lying just abovethe melting level. We concludedthat this region

wasdominatedby dry ice particles,but hadcoexistingsupercooleddropsin orderto accountfor

the observedZDRs. The existenceof supercooleddrops is also supportedby the Doppler

velocity observedby the nadir beamof EDOP.The Doppler velocitiesshowedstrongsloping

updraftsabovethemelting level.
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Below the melting level, rather large specific attenuationswere deducedby the dual-

wavelengthmethod.Theoretical relationshipsbetweenthe attenuationcoefficient, reflectivity

and ZDR for a gammarain DSD were formulated and discussedat length in an attempt to

interpret the observations in terms of gamma rain DSD. It was possible to explain the

observations in certain height intervals by meansof a gamma rain DSD and deduce its

parametersif only two of the threeparameterswere considered.However,such interpretation

was foundinconsistentwith all threeparametersmainly becausethe inferredattenuation,beic,w

the melting level, was too large for the observedZ. We also found a marked armsystematic

increasein ZDR with decreasingaltitude, in theFlorida storm,thatcannot be accountedfor by

the evolution of a rain DSD. It was suggestedthat the large attenuationwas due to partially

melted water-coated ice particles that present a larger extinction cross-section than th_..

completelymeltedparticle.Calculationsfor sphericalwatercoatedparticleshowedthat thegaiq

in extinctioncouldbequitepronouncedfor icepmticlesof low bulk density.It is alsoknownthat

deformedparticlescancauseevenmoreextinction.TheFloridastormwasmoreintensethantee

Brazil stormassuggestedby its higherreflectivitv. It containedbiggerparticles,assuggestedbv

largerZDRs' the larger ice particlesrequiredlonger fall pathsfor complele melting andwere

probablyresponsiblefor theobserveddownwardincreaseof ZDR.

This studyhasshownthebenefitof combiningX-bandairborneradarobservationandS-

bandpolarmetricmeasurements,i.e., adual-wavelengthmethod,for thestudyof microphysicsof

convective storms. Earlier attempts at using dual-wavelength method for ground-based

measurementshaveusedcollocatedradars,or commonantennaswith thematchedbeamwidths

to overcome problems anticipated from lack of coincidenceof radar resolution volumes.

However, those methods usually yield the attenuation along horizontal paths. For deep

convectivestorms, the structurealong a vertical path is of paramountinterest. Our study ha,

shownthat thecombinationof a down looking shortwavelength(Doppler) ractaranda grotmd-
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basedS-bandpolarimetricradar canbeusedto inter plausibleattenuationcoefficients in deep

convectivestorms.Valuable inferencesaboutstorm microphysicscanbe drawnby combining

resulting dual-wavelengthand ground-basedpolarimetric data. Suchstudiesare important in

order to improvetheSRT approachoverland for TRMM future satelliteandto providea firmer

physical basisfor its use.With properdesignof scanstrategiesto obtain optimum space-time

coincidencebetweenground-basedandairborneradardatasets,it shouldbe possibleto obtai:_

more accurateresults.The interpretation of dual wavelengthreflectivity, polarimetric, and

Dopplervelocity observationsneedsto besupportedby further studies of the characteristics of

melting particles, in particular, their radar and extinction cross-sections.
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FIGURELEGENDS

Figure 1. Histogramof surfacescatteringcross-sectionover (a) oceanand (b) land at

forward (solid) and nadir (dashed)incidenceobservedby the EDOP radar. 20 dB are

addedto forward surfacecross-sectionfor displaypurpose.

Figure2. Vertical cross-sectionof reflectivity at (a)nadirand(b) forward incidence,and

(c) surfacecross-sectionfor forward(solid)andnadir (dashed)beamsobservedby EDOP

radaron 12February,1999in Ji ParnaBrazil.

Figure 3. Reflectivity at S-band(solid), X-band(shortdashes)andtheir difference(long

clashes)for mono-dispersedistributions of spherical raindropsas a function of drop

diameter.

Figure 4. Constantaltitude, 8 km agl, contour mapsof (a) reflectivity, (b) differential

reflectivity. ZDR, and (c} linear depolarizationratio, LDR in a storm in Florida on 15

August 1998, 2224-2227 UTC reconstructed fiom S-POL radar data. The location of

maximum reflectivity is marked by + and the projection of the flight path of the airborne

EDOP radar is shown by the line.

Figure 5. Vertical cross-sections corresponding to Fig. 4 for the Florida storm. (a)

reflectivity, Z_, from S-POL radar, (b) forward beam reflectivity, Z from EDOP radar.
\l'

and (c) path integrated attenuation, PIA, deduced using the surface reference technique

(SRT, solid), integration of empirical equation 4 dotted) and the dual wavelength method

(dashed).



Figure 6. Scatter plots of S-band reflectivity, Z s, against X-band reflectivities at

incidence for the Florida storm. The one-to-one lines are also shown.

Figure 7. Plots for the Florida storm, for the heights (AGL) of 1.0, 2.0, 3.0, 4.0, 5.0 and 6

kin: (a) S-band reflectivity, Z s (b) difference of S-band and nadir beam X-band

reflectivity, Z.,. - Z,,, and (c) PIA from integration of empirical equation 4 along the nadir

beam. Vertical line in the plot indicates the distance at which the maximum attenuation

occurs. For details see text.

Figure 8. Constant altitude, 3 km agl, contour map of reflectivitv for a storm in Brazil on

10 February 1999, 1810-1815 UTC, reconstructed from S-POL radar data. The localion

of maximum reflectivity is marked by + and the projection of the flight path of the

airborne EDOP radar is shown by the line.

Fig. 9. Similar to Fig. 5 but for the Brazil storm.

Fig. 10. Similar to Fig. 6 but for the Brazil storm.

Fig. 11. Similar to Fig. 7 but for the Brazil storm.

Fig. 12. Specific attenuation at 3 crn wavelength versus reflectivitv at 10 cm wavelength

for gamma function drop size distribution with shape parameters of (a) /.1=-2. (b)

/t =0. and (c) /.t =4. for median volume diameters D0=l. 2, 3 nwn and temperatures of

0. 10. 18 20"C. The inferred specific attenuations and reflectivity along the vertical line in



Fig. 7 for theFlorida and Brazil arealsoplotted againstreflectivity observedby the S-

POL radarwith symbolsFx andBx wherex denotethelayerinterval in kin.

Fig. 13.Differentialreflectivity, ZDR, againstmedianvolumediameterfor ,u=-2,0,2,4

for thegammadrop sizedistribution.Therangeof medianvolumediametersplotted is

limited by the rangeof slopesconsidered,namely, 16to 40 cm_. Fx andBx specify the

Florida and Brazil storms,respectively,where x denote the layer interval in km. For

details, see text.

Fig. 14. Plot of Z,./k versus ZDR for gamma rain DSD for (a) ,u = -2, (b) /l = 0 and (c)

,u = 2. for four temperatures. The observed 'points' are also depicted on the figures. Fx

and Bx specify the Florida and Brazil storms, respectively, where x denotes the layer

interval in kin. For details, see text.

Fig. 15. Vertical cross-sections of (a) differential rcflectivity and (b) nadir beam Doppler

velocity for the Florida storm. S-band reflectivity contours are also shown. The melting

level is indicated by dotted line.

Fig. 16. Vertical profiles of S-band reflectivity (solid), X-band nadir beam reflectivity

(dashes), X-band nadir beam Doppler velocity (dash-dot), and differential reflectivity

(dotted) for the Florida storm. The central plot is through the region of maximum path

integrated attenuation, the left plot is 1 km left of it, and the right plot is 1 km to the right

of it.

Fig. 17. Similar to Fig. 15, for the Brazil storm.



Fig. 18.Similar to Fig. 16,for theBrazil storm.

Fig. 19.Normalizedextinctioncross-sectionof melting iceparticlesversusfractionof

massmeltedfor selectedmelteddiametersof 3, 4, 6, 7, 8, and 10mmandthreebulk

densitiesof ice:a)0.3b) 0.5andc) 0.92g cm-s.Theiceparticleis assumedto be

sphericalandmelt is assumedto form aconcentricspherecoataroundit. The

normalizationis performedby thecross-sectionof thecompletelymeltedparticle.

CalculationsarebasedonMie theory.
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Table I. List of EDOPflight legswith PIA largerthan20dB.

Day
980815

Time

2223-2237

Location Max. PIA (dB
Florida 30

980905 2217-2221 Florida 25

990125 2215-2223 Brazil 29

990125 2242-2246 Brazil 30

990120 1810-1815 Brazil 29

990212 1955-2000 Brazil 20

990212 2049-2055 Brazil 15

990217 1846-1859 Brazil 23

) J cloudtop (km)

18

16

16

16

15

13

14

13



Table2: Summaryof inferredattenuationandotherparametersfor Floridastorm,10
August.1998.Thevaluesin the last four columnsarefor theheightintervalsin 3rd
column.

Height (km)
Fromtop to

Two-way
PIA (dB)

Height
Interval

(km)

0ne-way
attenuation

(dB km-j)

Z s (dBZ) ZDR (dB) Z/k

1 33

2 24 1-2 4.5 -51 2.5-3.0 2.8X104

3 19 2-3 2.5 52-53 .2.7-2.5 (6.3_8)X 104

4 9 3-4 5.0 -52 4

3.2X10

5 2 4-5 3.5 -52 4.5X I 04

6 0.5 5-6 0.75 -50-52 1.0-1.7 (1.3_2.1)X105

6-top 0.25 dB =i-49-51 i



Table3: Summaryof inferredattenuationandotherparametersfor Brazil storm,I0
February1999.The valuesin the last four columnsarefor theheight intervalsin 3rd
column.

Height (km)
Fromtopto

Two-way
PIA (dB)

Height
Interval

(km)

One-way
attenuation

(dB kml)

Z s (dBZ) ZDR (dB) Z/k

1.5 21

2 23 1.5-2 -2.0 40-50 1.7-0.8

3 16 2-3 3.5 -49 1.6-1.7 2.3X104

4 6 3-4 5.0 -57 t.6-1.7 2.5X104

5 5 4-5 0.5 -51 1.5 2.5X105

6 9 5-6 '_ -50 1.3-1.5
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Popular Summary

Rainfall over the Tropics has a significant influence to the global water and energy

balance. However, direct measurements of rainfall, such as tipping bucket, only exist at sparse

locations and cannot provide a complete picture of the rainfall distribution over the tropics.

Alternatively, radars aboard aircraft and satellite can provide instantaneous snapshots of rainfall

patterns at high spatial resolution. Radars transmit microwave energy that is reflected back

toward the antenna receiver by raindrops, hail and graupel etc. The received power is used to

estimate the rainfall. In the heavy rain, the received signal can be distorted or reduced

substantially due to the attenuation, i.e., the loss of power as the radar signals pass through the

rainfall between the target reflecting volume and the radar. The study of the attenuation can help

to improve techniques for remote measurement of rainfall. In this paper, we analyzed data from

two radars: a 10-cm wavelength radar, which is subject to only weak attenuation, and a 3-cm

radar which is subject to strong attenuation. A 3-cm radar has greater sensitivity to light-to-

moderate rain and is similar to the type of radar flown in space (Tropical Rainfall Measurement

Mission). Two heavy rain events that occurred in Florida and Brazil are examined. The results

show that melting particles, such as graupel, not raindrops, cause strong attenuation between the

3-cm radar and ground.


